Spin-wave theory predicts reduced thermal spin-wave excitations due to a magnetic anisotropy. Recent results show that a strong uniaxial in-plane anisotropy in ultrathin Fe/ GaAs͑001͒ films indeed stabilizes the ferromagnetic order versus thermal spin excitations ͓Kipferl et al., J. Appl. Phys. 97, 10B313 ͑2005͔͒. In order to study whether a fourth-order in-plane anisotropy has a similar effect epitaxial Fe 70 Co 30 /Au͑001͒ samples with zero magnetocrystalline anisotropy were studied and compared to results for Fe/ Au͑001͒. The temperature dependence of the spontaneous magnetization M S for T Ͻ 0.5T c can be well described by the Bloch ͓Z. Phys. The temperature dependence of the spontaneous magnetization M S ͑T͒ well below the Curie temperature for most ferromagnetic materials is well described by Bloch's law,
The temperature dependence of the spontaneous magnetization M S ͑T͒ well below the Curie temperature for most ferromagnetic materials is well described by Bloch's law,
resulting from a linearized spin-wave theory ͑SWT͒ for bulk ferromagnets. The spin-wave parameter B is related to the spin-wave stiffness constant D and should be proportional to 1/J 3/2 with J describing the exchange coupling energy with neighbor spins. For two-dimensional ferromagnets, however, calculations within the framework of SWT do not usually predict a T 3/2 law for M S ͑T͒. In contrast, empirical data have verified the validity of Bloch's law for ultrathin ferromagnetic films in many cases.
2-6 A possible reason for this surprising fact was given by Mathon and Ahmad 7 who predicted an "effective T 3/2 law" to be valid in a certain temperature range for two-dimensional systems.
Upon the transition from a bulk ferromagnetic material to ultrathin films of the same material thermal spin-wave excitations are significantly enhanced, i.e., the spin-wave parameter B increases. This phenomenon which has been experimentally observed in numerous film systems, such as Fe͑001͒ /Au͑001͒, 2 Fe͑001͒ / GaAs͑001͒, 3, 6 Fe͑110͒ / Ag͑111͒, 4 and Fe͑001͒ /Ag͑001͒, 5 can be qualitatively explained by the reduced average number of neighbor atoms in ultrathin layers and the corresponding reduction of the average exchange energy per atom, i.e., reduced J.
In spin-wave theory the presence of a magnetic anisotropy creates an energy gap at k = 0 in the spin-wave dispersion relation which in turn leads to reduced thermal spinwave excitations at a given temperature, i.e., reduced B. It has been shown by recent experiments that a strong uniaxial in-plane anisotropy in ultrathin epitaxial Fe͑001͒ films on GaAs͑001͒ indeed stabilizes the ferromagnetic order versus thermal spin excitations. with a negative constant of proportionality. 8 Hence, for x = 0.3 the effective anisotropy constant K 1 eff is expected to vanish in the entire thickness range. Therefore, a comparison between Fe͑001͒ and Fe 70 Co 30 ͑001͒ films grown on Au͑001͒ should allow us to check whether spin-wave excitations of a ferromagnetic metal can be modified by a variation of the fourth-order magnetocrystalline anisotropy.
Film growth was realized by molecular-beam epitaxy ͑MBE͒ following the procedure described previously.
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GaAs͑001͒ was used as a substrate. The GaAs surfaces were prepared by UHV annealing at 600°C and subsequent Ar-ion sputtering at the same temperature. The resulting surface reconstructions were verified by reflective high-energy electron diffraction ͑RHEED͒. Subsequently, a 4-ML-thick Fe film is grown at room temperature to serve as a seed layer for a 200-ML-thick epitaxial Ag͑001͒ film. The Ag film acts as a diffusion barrier and prevents Ga and As segregation to the surface. This growth step is done at 220°C. After annealing the sample at 220°C for 8 h in UHV a 200-ML-thick epitaxial Au͑001͒ buffer film was grown at the same temperature. The Au surface is then cleaned by Ar-ion sputtering and annealed for several hours. With RHEED the characteristic ͑5 ϫ 20͒ reconstruction of a clean Au͑001͒ surface can be seen.
After the preparation of the Au buffer layer, an Fe 1−x Co x ͑001͒ film was deposited at room temperature. Two Knudsen cells were used for coevaporation: one with an Fe 32 Co 68 alloy and one with pure Fe. The flux of the Fe 32 Co 68 cell was kept constant for a growth rate of 0.4 ML/ min, whereas the flux of the Fe cell was adjusted to get an alloy composition of 70% Fe and 30% Co. The growth rates of both materials were controlled in situ by quartz monitors. For a more precise determination of composition and film thickness, ex situ x-ray fluorescence spectroscopy was used. The FeCo layer was prepared as a stepped wedge with discrete thickness values to ensure that grow conditions are identical for all thicknesses in the covered range from 0.7 to 22 ML. According to RHEED good epitaxial growth was achieved. The films were then covered by a 25-ML-thick epitaxial Au͑001͒ layer to prevent oxidation. Finally the sample was cleaved into pieces corresponding to the different FeCo layer thickness values.
The magnetic behavior of the samples was investigated by using the magneto-optical Kerr effect ͑MOKE͒ at room temperature and a superconduction quantum interference device ͑SQUID͒ magnetometer in the temperature range between 10 and 350 K. Unlike SQUID magnetometry where the integral signal of the sample is measured, the MOKE signal is not affected by the Fe seed layer because of the limited penetration depth of the laser light. The effective anisotropy constants of the uniaxial and the fourfold anisotropies, K u eff and K 1 eff , were determined with MOKE by a method proposed by Weber et al.: 9 the external sweep field H was applied along the easiest axis of Fe 70 Co 30 and an additional constant bias field H bias was oriented perpendicular to this sweep field. It turned out that in Fe 70 Co 30 films for all thicknesses K 1 eff is reduced by one order of magnitude compared to Fe͑001͒ /Au͑001͒. 10 The uniaxial anisotropy constant K U eff is in the same order of magnitude as for Fe͑001͒ films on Au͑001͒ which means at least one order of magnitude smaller than the observed K 1 eff and is therefore negligible. For the SQUID measurements the total magnetic signal is always a superposition of the magnetic signal of the Fe seed layer and the investigated FeCo layer. Figure 1͑a͒ shows a typical magnetization loop at 10 K for a 3.5 ML Fe 70 Co 30 film. The external field is applied along ͓110͔, the cubic hard axis of this sample. Besides the negative slope of the curve due to the diamagnetic substrate two different switching processes can be seen. The larger coercive field corresponds to the seed layer and is a consequence of the annealing process at elevated temperature. The spontaneous magnetic moment m S ͑T͒ of the FeCo film is determined by the linear extrapolation of the m͑H͒ loop between 2.2 and 1.2 kOe down to zero. In order to obtain the pure signal of the sample the spontaneous moment of the seed layer is subtracted. Figure 1͑b͒ shows the data points normalized to the value at 10 K ͑M 0 ͒ in the temperature range between 10 and 320 K and plotted versus T 3/2 . Figure 2 is a selection of typical data of the present work and shows that M S ͑T͒ is indeed well described by a T 3/2 dependence for all thicknesses. Due to the subtraction of the moment of the seed layer there is a relatively large noise on the data points, therefore B is determined with an error of ±0.3 ϫ 10 −5 K −3/2 . As a consequence higher-order terms, e.g., ϳT 5/2 or ϳT 4 , cannot be resolved. The data clearly show an increase of B with decreasing thickness as it was already seen in previous measurements for Fe/ Au͑001͒ ͑Ref. 2͒ or Fe/ GaAs͑001͒. 3, 6 Qualitatively, the increase of the spin-wave parameter B with decreasing thickness can be understood as a consequence of a superposition of size effects and surface effects, as it was already discussed in Refs. 2 and 6.
Next, in Fig. 3 the spin-wave parameter B is plotted versus the inverse thickness. Earlier data for epitaxial Fe films on Au͑001͒ are shown for comparison. In both systems B is found to increase linearly with the inverse thickness which is represented by the linear fit. Theoretically, Swirkowicz et al. 11 have predicted that in the absence of strong anisotropies the spin-wave parameter B has a linear dependence on the inverse thickness, because the energies of the lowest spin-wave modes are independent of the film thickness.
At the same time the data in Fig. 3 show that in the entire thickness range B is reduced for Fe 70 Co 30 films on Au͑001͒ compared to Fe on Au͑001͒. This result is in contrast to the expectation stated above that the drastically reduced anisotropy in Fe 70 Co 30 /Au͑001͒ should increase the parameter B compared to Fe/ Au͑001͒ according to spinwave theory. This behavior can be understood if we take into account the role of the exchange interaction for spin-wave excitations. According to the proportionality B ϳ 1/J 3/2 a difference in the exchange interaction should have a direct effect on the excitation of spin waves. No experimental data are available for the exchange integrals J in FeCo alloys with different alloy compositions. However, values of J for different atom pairs in FeCo alloys have been calculated: J Fe-Fe = 43.1 meV, J Co-Co = 34.5 meV, and J Fe-Co = 69.0 meV. 12 This means that the average exchange coupling constant in an FeCo alloy is significantly larger than those for the pure Fe. This is in agreement with more recent calculations of MacLaren et al., 13 who predict a stronger exchange coupling and a higher Curie temperature for equiatomic ordered and disordered FeCo alloys compared to Fe. If the exchange coupling in FeCo, which is enhanced by a few meV per atom relative to Fe, is compared to the reduction of the anisotropy energy, which is of the order of 10 eV/ at., it becomes clear that spin-wave excitations in Fe 1−x Co x films are dominated by the variation of the exchange coupling strength; variations of the magnetic in-plane anisotropy play a minor role.
In summary, we have studied spin-wave excitations in ultrathin epitaxial FeCo͑001͒ films on Au͑001͒ with in-plane magnetic anisotropies drastically reduced compared to pure Fe͑001͒ films. The enhanced spin-wave excitations expected due to nearly zero anisotropy are overcompensated by the enhancement of the exchange interaction within the alloy leading to an effective reduction of spin-wave excitations compared to Fe. To evaluate the effect of the fourth-order anisotropy on the spin-wave parameter B, the effective exchange constants in FeCo alloys must be known with high precision. This is not the case at present. The role of the magnetic anisotropy for spin-wave excitations, therefore, should be studied in an experiment where the exchange coupling does not change while the anisotropy is varied. 
